Little is known about relations between maternal prenatal stress and specific cognitive processes-learning and memory-in infants. A modified crib-mobile task was employed in a longitudinal design to test relations between maternal prenatal cortisol, prenatal subjective stress and anxiety, psychosocial variables, and learning and memory in 3-and 5-month-old infants. Results revealed that maternal prenatal cortisol was affected by particular psychosocial variables (e.g., maternal age, whether or not the infant's grandmother provided childcare, financial status), but was unrelated to measures of maternal depression, anxiety, and stress. Although maternal prenatal cortisol was not predictive of learning or memory performance in 5-month-old infants, higher levels of basal maternal cortisol and reduced prenatal cortisol response was predictive of some learning and short-term memory measures in 3-month-old infants.
to subjective stress, and whether maternal biological stress mediates the relation between maternal subjective stress and infant outcomes (see review by O'Donnell, O'Connor, & Glover, 2009 ).
There is an established link between biological stress and cognitive processes across the human lifespan, whereby cortisol dysregulation contributes to adverse developmental effects on the hippocampus and prefrontal cortex, resulting in cognitive dysfunction (e.g., Beluche, Carrière, Ritchie, & Ancelin, 2010; Gaysina, Gardner, Richards, & Ben-Shlomo, 2014) . In adults, high levels of circulating glucocorticoids (GCs), such as those seen in individuals with chronic stress, are linked to dysfunctions in memory and executive functioning (e.g., Karlamangla et al., 2014; Reynolds, 2013) . Programming effects are evident in fetal and infant development whereby early prenatal exposure to maternal cortisol results in increased GC exposure in the fetal HPA axis, hippocampus, and prefrontal cortex, and subsequent dysregulation in the infant HPA axis, and adverse health and cognitive functioning (Reynolds, 2013) . Maternal stressors, anxiety, and fear (particularly in late pregnancy) have been associated with widely varying biological effects in infants, with studies showing lower infant cortisol (Yehuda et al., 2005) , higher cortisol reactivity to stress (Grant et al., 2009) , varying cortisol reactivity depending on infant age and the nature of the stressor (Sandman, Davis, Buss, & Glynn, 2012; Tollenaar, Beijers, Jansen, Riksen-Walraven, & de Weerth, 2011) , or no effect on cortisol (Bolten et al., 2011) during the first year of life.
How might maternal prenatal subjective stress relate to her biological experience of stress and infant outcomes? Since there are no neural connections between a fetus and a pregnant mother, the complex and unique interaction between the hypothalamic pituitary adrenal (HPA) axis and placental function during pregnancy is a result of stress hormones and blood flow across the placenta, as well as a hypoxic state in the uterus created by adrenaline (O'Donnell et al., 2009; Weinstock, 2008) . Since GC receptors are known to be present in the fetal hippocampus, hypothalamus, pituitary, cingulate cortex, and amygdala during development, it is likely that these areas are affected when high levels of GCs are induced by stress in the mother (Weinstock, 2008) . Additionally, there is evidence that prenatal anxiety may simultaneously accompany increased permeability of the placenta to cortisol (O'Donnell et al., 2009) ; one mechanism for this has been proposed by Glover, Bergman, Sarkar, and O'Connor (2009) , who suggest a direct influence of a mother's emotional state on placental function as a result of down regulation of 11β-HSD2, which is the enzyme that regulates the transfer of GCs from mother to fetus by metabolizing cortisol into cortisone, an inactive substance. As support for a relation between maternal cortisol activity and infant outcomes, recent studies have shown that amniotic fluid cortisol levels predicted infant cortisol response during separation-reunion stress (O'Connor, Bergman, Sarkar, & Glover, 2013 ) and poorer cognitive outcomes on the BSID-II (Bergman, Sarkar, Glover, & O'Connor, 2010) in 17-monthold infants.
One complicating factor in examining the relation between maternal subjective stress, biological stress, and infant outcomes is that maternal cortisol levels naturally rise during gestation, and this may affect a pregnant woman's ability to downregulate stress de Weerth & Buitelaar, 2005; Mastorakos & Ilias, 2003) , especially in association with conditions such as depression (Shea et al., 2007) . Huizink, Robles de Medina, Mulder, Visser, and Buitelaar (2003) found that early morning values of maternal cortisol in late pregnancy were negatively related to mental development at 3 months, with elevated prenatal cortisol associated with lower BSID-II scores. Examining neural and behavioral outcomes, Buss et al. (2012) found that maternal cortisol levels at 15 weeks of gestation were positively associated with right amygdala volume and affective problems in 6-to 9-year-old girls. Similarly, in another study, elevated maternal cortisol in early pregnancy (13 weeks of gestation) was associated with lower mental development on the BSID-II in infants at 12 months of age, while, oppositely, elevated cortisol at 38 weeks was associated with higher BSID-II scores at 12 months . In this case, the effect was conjectured to depend on early versus late fetal exposure to GCs due to the sensitivity of hippocampal differentiation occurring around 16 weeks of gestation and synaptic pruning in the prefrontal cortex occurring between 26 and 34 weeks of gestation (Waters, West, & Mendes, 2014) . Similarly, higher levels of maternal cortisol in the third trimester, especially, were found to be associated with increased cortical thickness, particularly in areas of the frontal lobe, in their 6-to 9-year-old children (Davis, Head, Buss, & Sandman, 2017) . Higher levels of third trimester maternal cortisol were also associated with better performance on the Wechsler Intelligence Scale for Children IV and the Expressive Vocabulary Test, Second Edition (Davis et al., 2017; Wechsler, 2002; Williams, 2007) .
Conversely, another study found a negative association between maternal prenatal serum cortisol in the third trimester and full-scale IQ in 7-year-olds, especially verbal subscales (LeWinn et al., 2009 ).
Collectively, these results suggest that gestational age at the time of study may be an important factor to consider.
While general mental and motor development effects of prenatal stress, including scores on the BSID-II in infants and IQ in children have been discovered, to date, no studies have examined the associations between prenatal stress markers and specific cognitive processes such as learning and memory in infants. Infants' capacities to learn contingencies between their actions and the effects these actions have in their environment play a crucial role in the development of intentional behavior and social-emotional communication. One study found an association between increasing cortisol response in infants during a contingency learning task, and better memory for the contingency on the following day (Haley, Weinberg, & Grunau, 2006) , however, a potential link between maternal prenatal cortisol response and contingency learning in infants has not been investigated. In addition to examining specific cognitive processes, longitudinal studies of the association between maternal prenatal stress and infant cognition have lacked an examination of maternal prenatal cortisol.
More specifically, cortisol response (ΔT2-T1) is thought to be reflective of the individual's neuroendocrine regulation when a cognitive/ emotional challenge is initiated immediately following baseline (T1) (Thompson, Morgan, & Jurado, 2015) , and can be considered independently from baseline cortisol values. Additionally, the relationship between maternal cortisol and infant cognitive development, and the accompanying HPA axis dysregulation in the fetus/infant, may be mediated by factors such as maternal health, low birth weight, and postpartum maternal-infant behavioral synchrony (Davis & Sandman, 2006; O'Donnell et al., 2009; Reynolds, 2013; Thompson et al., 2015) .
In order to investigate whether prenatal cortisol and/or maternal psychosocial variables could have either gestational timing, or programming (long-lasting), effects on infant learning and memory processes, the current study examined the effects of prenatal maternal cortisol and psychosocial variables at two key gestational time points (mid pregnancy: 20 weeks; and late pregnancy: 35 weeks), and at two infant ages, 3-and 5-months, using a longitudinal study design. The crib-mobile contingency task paradigm was chosen for two reasons: a) research has established its relevance for studying infants in this age range (cf. Rovee-Collier, 1999); and b) there are reported links between crib-mobile contingency measures and cortisol in young infants (Haley, Grunau, Oberlander, & Weinberg, 2008; Haley et al., 2006) .
Participants were recruited by advertising in local newspapers and University-wide email announcements, and by posting fliers in business establishments throughout Las Cruces, NM. The mothers of the infants were recruited during early pregnancy, and their data are part of a larger longitudinal study of infant cognition and cortisol response for which mothers were recruited after delivering their infants. The timing of mothers' gestation was based on information given to them by clinic personnel (dates, examination, or sonogram).
There were 71 full-term (37-42 weeks gestational age, >5 lbs. at birth) infants (36 female) and their mothers whose data were included in the study. Infants were 3-and 5-months of age, averaging 91 (SD = 6) and 150 (6) days, respectively, at the time of testing. None of the mothers reported any neurological or sensory impairments in their infants. Seven additional infants began, but did not complete, the cribmobile procedure at 3 months, so their kicking rate data were excluded from the learning and memory analyses at both ages. Mothers During each prenatal visit, mothers completed several psychosocial assessments and provided two saliva samples using a cotton dental roll, the first sample collected 20-25 min after entering the laboratory (T1) and the second, 20-25 min after the first (T2). Mothers occupied their time prior to, and after, the T1 saliva collection talking to the lab assistants and filling out demographic surveys and psychosocial questionnaires. Each roll was centrifuged, and then stored in a freezer at −20°C. Large batches were shipped to Salimetrics, Inc., for radioimmunoassay analysis. Assays were performed in duplicate, and the average of the dual measures was used in analysis. Salimetrics (2012) reports average inter-assay coefficients of variation of 5.1%, and the intra-assay coefficient of variation for the study samples was 4.9%. Radloff, 1977) was used to evaluate maternal depression on a 4-point Likert scale. Sample items include "I felt hopeful about the future," "I had crying spells," and "I felt that I could not shake off the blues even with help from my family or friends." Participants also completed the Pregnancy Experience Scale (PES; DiPietro, Ghera, Costigan, & Hawkins, 2004) . The PES includes 41 items, and participants rated, using a 4-point Likert scale, how positively and how negatively they viewed each item. For instance, a participant would rate the item "Body changes due to pregnancy" in terms of how positively they felt about these changes, and then in terms of how negatively they felt about these changes. Thus, the PES yielded two sets of questionnaire data:
PES-Positive and PES-Negative.
2.4 | Design, stimuli, and procedure: Postnatal visits
Mother-infant dyads participated in four postnatal visits; two visits occurred at 3 months of age, and two visits occurred at 5 months of age. These visits were typically scheduled within 1 week of 3-and 5-months postnatal. The two visits at each age always occurred on adjacent days, and were typically exactly 24 hr apart. Mothers were paid $20 for the first visits at 3 and 5 months, and $15 for the second visits at 3 and 5 months (when no cortisol samples were provided, and laboratory sessions were typically shorter). Mothers were also given a small children's book at the second 3-month visit, and at the second THOMPSON ET AL.
| 725 visit at 5 months, were given an infant t-shirt and were paid a bonus ($50) for participating in all six sessions.
| Sequence of events: Saliva collection
There were two experimental conditions, and infants participated in the same condition at both infant ages, crib-mobile (n = 35) or still-face (n = 36). Since the still-face paradigm does not assess learning and memory, only cortisol and maternal characteristics data from the infants and mothers of the infants in the still-face condition were included.
Mothers and their infants were tested in the laboratory between 7 a.m. and 2 p.m. at a time convenient for them. As often as possible, they were scheduled at the same time of day for all four sessions. Saliva samples were collected from the mother and infant two times, at T1 and T2. The T1 sample was taken 20-25 min after entering the lab, and the T2 sample was taken 20-25 min later. For the lab sessions with their 3-and 5-month infants, mothers filled out demographic questionnaires prior to the T1 samples being collected from herself and her infant. Immediately after T1 sampling, the infant was placed into the crib for the start of the crib-mobile or still-face experiment.
The timing of T2 saliva sampling occurred 20-25 min after T1. This time frame was chosen so that T1 levels would reflect HPA activity after entering the laboratory, and T2 levels would reflect activity at the start of the experiment. To avoid contaminating infant saliva samples, mothers were asked to feed their infants prior to coming to the lab, and not to feed them during the session. To collect saliva, mothers held a cotton dental roll in their mouth; mothers applied a different roll to the infant's tongue, cheeks, and gums. As in the prenatal visits, each dental roll was centrifuged, stored in a freezer at −20°C, and later shipped to Salimetrics, Inc., for radioimmunoassay analysis.
| Still-face and crib-mobile experiments
Variations in the conjugate reinforcement mobile (crib-mobile) procedure (Rovee-Collier, 1999; Rovee-Collier, Sullivan, Enright, Lucas, & Fagen, 1980) and the still-face procedure (cf., Haley & Stansbury, 2003) were made to make them more comparable to each other, while still retaining the essential features of both tasks. To this end, the critical stimuli for both tasks were presented on a small computer screen placed above the infant, who was lying in a crib face up, secured to the mattress by a stretchy band across the abdomen.
The stimulus for the crib-mobile task was a bright-yellow snowmanshaped cartoon character that bounced around and made happy sounds, actions that were controlled by the infant. There was a ribbon attached to the infant's ankle with velcro, and also attached either to a lever near the screen, or to a bar supporting the screen. When the ribbon was attached to the lever, the infant's foot kicks caused the snowman to move and make sounds. When the ribbon was attached to the bar, the snowman did not move or make a sound. The procedure lasted 12 min. It began with a 3-min baseline phase, when the ribbon was attached to the bar, which was followed by a 6-min learning phase, when the ribbon was attached to the lever, followed immediately by an extinction phase of 3 min when the ribbon was again attached to the bar.
For the still-face condition, a photo of each of the infants' mothers was taken in the lab prior to the experiment. The mother's face was blank, expressing no emotion, and the same background and depth of field were used for each photo stimulus. Instead of the usual procedure of the infant's mother appearing physically in front of the infant, the still-faced photos were presented on the small screen above the infant.
The 12-min procedure proceeded as follows: mom played with the baby lying in the crib for 2 min; mom left the crib area and a blank screen was shown for 1 min; mom was still out of the crib area and her photo appeared on the screen for 2 min; mom went back to the crib area to touch and talk to her infant for 2 min; mom left the crib area, blank screen for 1 min; mom still out of the crib area for 2 min with her photo appearing on the screen; experiment finishes with mom back in crib area with her baby for 2 min.
For both conditions, the experiment began with a Winniethe-Pooh cartoon to draw the infant's attention to the screen. Once the infant looked up at the screen for 2 s, the first timed condition began. One experimenter was located behind the booth, looking through a window directly facing the infant. She held a button that, when depressed, sent a signal to a computer, which also timed the duration of the stimulus conditions. A video camera was setup to record the infant during the procedure, and the recordings were used for determining reliability of kicking frequency. The mother and another experimenter stayed behind a curtain located behind the infant's head to avoid distracting the infant when they were not performing a task-related action.
2.5 | Measures: Postnatal visits 2.5.1 | Behavioral coding and calculating infant learning and memory measures
The approach adopted to assess infant learning, short-term memory, and long-term memory for infants in the crib-mobile condition closely followed Haley et al. (2006) , which was an approach that synthesized two landmark papers reporting methods and results of the crib-mobile technique (Gekoski, Fagen, & Pearlman, 1984; Rovee-Collier et al., 1980) . Infants' kicks were recorded during three phases of the task: baseline, learning, and extinction. A kick was defined as "a vertical or horizontal movement of the foot that retraced its original path in a smooth, continuous motion (Haley et al., 2006, p. 110) ." Kicks were recorded both online, and by trained individuals who viewed videotapes of the sessions. These second raters used a computer program to record kicks; if agreement between the original (online) coder and a second coder was 90% or better for a given session, the original coder's record was used. If 90% agreement between the original (online) coder and second (video) coder was not reached, then at least one additional coder would view and code the video. If 90% agreement between the video coders was reached, the data from the most senior video coder (typically the laboratory manager or a research associate) was used for analyses instead of the online data.
There were two measures of learning, two measures of short-term memory, and two measures of long-term memory computed in each session. The relative learning ratio (RLR) for Day 1 was scored by the frequency of kicks during the Day 1 6-min learning phase (divided by 2) and dividing that by the frequency of kicks during the Day 1 3-min baseline phase. For example, one participant's learning phase kick frequency was 108, which was divided by 2, and then was divided by a baseline phase kick frequency of 28, which equaled 1.929. The relative learning ratio for Day 2, which reflects both learning and memory, was scored by the frequency of kicks during the Day 2 6-min learning phase (divided by 2), and dividing that by the frequency of kicks during the Day 1 baseline phase. The two short-term memory measures, the immediate retention ratio for Day 1 and the immediate retention ratio (IRR) for Day 2, were scored by using the frequency of kicks during the non-reinforcement extinction phase and dividing by the frequency of kicks during the baseline phase, for Day 1 and Day 2, separately. To assess long-term memory, the baseline ratio (BR) was calculated by using the frequency of kicks during the baseline phase of Day 2 divided by the frequency of kicks during baseline Day 1. To assess the degree of long-term retention, a long-term retention ratio (RR) measure was also calculated by using the frequency of kicks during the baseline phase of Day 2, dividing by the frequency of kicks during the Day 1 extinction phase.
| Statistical analyses
Cortisol values were not normally distributed and were consequently transformed to log 10 values. These were screened for outliers that were greater than 3 SDs above the group mean (separately for mothers and infants and at each assessment). A total of seven values (<1% of all cortisol samples used in the study) met the outlier criterion. Consistent with other studies (e.g., Haley et al., 2006; Schuetze, Lopez, Granger, & Eiden, 2008) , these outlying cortisol values were Winsorized (see Tukey, 1977) by replacing them with the 3 SD above the mean value for each group. The log 10 -transformed values were used in all analyses.
Baseline (T1) cortisol was negatively correlated with cortisol response (ΔT2-T1) in both mothers and infants (all rs < −0.33, all ps < .01), which is consistent with the Law of Initial Values (Wilder, 1956 ). To compute cortisol response values that accounted for the variance on cortisol response due to cortisol values at the start of the response interval, regression analyses were conducted with post-stressor cortisol (T2) as the dependent variable and prestressor-interval cortisol (T1) as the independent variable. As per other infancy researchers (Albers et al., 2008 and Gunnar, Brodersen, Nachmias, Buss, & Rigatuso, 1996) , the standardized residual scores were retained from the regression analyses, and cortisol response T-scores were computed by multiplying these residuals by 10 and 3 | RESULTS Table 1 shows the maternal prenatal and infant postnatal characteristics for the 71 male and female infants and their mothers comprising the study population. average cortisol levels also decreased significantly across the session interval when their infants were 3 months old (t(70) = 6.42, p < .001), and 5 months old (t(69) = 7.32, p < .001). In contrast, for both 3-and 5-month-old infants, average cortisol values did not significantly change over the sessions (ps > .05). Table 2 shows the mean kick rates and the computed average learning and memory dependent measures for the group of infants in the 
| Hierarchical regression analyses of infant learning and memory

Demographic characteristics
Birth weight (lbs.) 7.5 (0.9) 5.6-9.5 7.6 (0.9) 6.0-9.5 7.4 (0.9) 5.6-8.9
Number of children 1.8 (0.9) 1.0-5.0 1.7 (0.9) 1.0-5.0 1.8 (0. Table 3 summarizes the results for the two-step multiple regression analyses that included prenatal cortisol variables as predictors ( Step 2), adjusted for potential variance due to infant cortisol response at the time of testing (Step 1), which were used to predict infant learning, immediate retention, and long-term memory dependent measures for 3-month- Relative learning ratio on Day 1
| Analyses of psychosocial factors affecting maternal prenatal cortisol
Step 1 0.00
Infant 3-mos. reactivity −0.010 0.016 −0.097
Step 2 Step 1 0.00
Infant 3-mos. reactivity −0.013 0.028 −0.084
Step 2 Immediate retention ratio on Day 1
Infant 3-mos. reactivity −0.024 0.036 −0.109
Step 2 Relative learning ratio on Day 1
Step 1 0.00 Table 5 ).
| DISCUSSION
The current study examined associations between endogenous maternal cortisol at two times during pregnancy (20-and 35-weeks gestation) and healthy, full-term 3-and 5-month-old infants' abilities to Relative learning ratio on Day 2
Infant 3-mos. reactivity −0.012 0.028 −0.080
Infant 3-mos. reactivity −0.006 0.040 −0.029
Step 2 Long-term memory baseline ratio
Step 1 0.03
Infant 3-mos. reactivity −0.020 0.018 −0.206
Step 2 Long-term memory retention ratio
Infant 3-mos. reactivity −0.055 0.178 −0.063
Step 2 Huizink et al., 2003) , ours is the first to examine the influence of prenatal maternal cortisol on infant learning, short-term memory, and long-term memory processes. Our study design also examined effects of prenatal maternal cortisol on infant cognition above and beyond the infant's own cortisol response during the testing procedure. Moreover, our dual-sample cortisol sampling paradigm allowed for assessments, not only of basal levels, but of cortisol response, in both the infant and the mother. Results showed that higher levels of basal maternal cortisol and reduced cortisol responses at 20-and 35-weeks' gestation predicted some measures of learning and short-term memory, but not long-term memory, in 3-month-old infants. Pregnancy cortisol did not predict contingency learning or memory measures in the same group of 5-month-old infants. Moreover, particular psychosocial characteristics of the mother (e.g., whether the infant's grandmother was involved in the infant's care, maternal age, financial status, committed relationship length) correlated with maternal prenatal cortisol, while subjective measures of depression, anxiety, and stress did not. Each of these findings will be discussed in turn.
The period of fetal development has been shown to be a foundational period during which maternal biological and psychosocial stress signals can have programming effects on infants' HPA function (Kapoor, Dunn, Kostaki, Andrews, & Matthews, 2006) . Fetal programming, or "programming effects," are not strictly defined, but have been described as "the process by which a stimulus or insult during a vulnerable developmental period has a long-lasting or permanent effect. The effects of programming are dependent on the timing of the exposure and on the developmental stage of organ systems" (Davis & Sandman, 2010, p. 131) . Our findings both support and weaken the programming hypothesis. On the one hand, whereas in no case did infants' own cortisol responses predict infant contingency learning and memory measures, results revealed some significant associations between mothers' mid-pregnancy and late-pregnancy cortisol measures and 3-month-old infant contingency measures. Comparatively speaking then, maternal neuroendocrine functioning seemed to exert a powerful influence on the developing fetus, more powerful than even the infants' neuroendocrine responses at the time of testing. And yet, the lack of such associations between prenatal cortisol and cognition at the infant age of 5 months weakens the support insofar as these must be long-lasting or permanent to constitute programming effects, because the evidence in favor of the notion for 3-month-old infants was not present in the same infants 2 months later.
Previously reported evidence is not only equivocal regarding programming effects, but the direction of the effects between pregnancy cortisol values and infant cognitive performance measures are not consistent across studies. Huizink et al. (2003) found a negative relationship between early morning values of cortisol in late pregnancy and both mental and motor development at 3 months. The same association between higher late-pregnancy cortisol and lower motor, but not mental, development scores was present in 8-month-olds.
Thus, the results of the present study align with Huizink et al.'s (2003) study with respect to finding an association with cortisol on cognitive measures in young infants that does not persist into later infancy.
However, the direction of the associations they reported is the reverse of those found in the present study. Interestingly, the present results are consistent with the direction of the effects reported by Davis and Sandman (2010) , who found that elevated levels in later pregnancy predicted higher levels of mental development scores (see also Davis et al., 2017) . However, unlike our results and those of Huizink et al. (2003) , significant associations between higher late-pregnancy cortisol and greater mental development scores were not apparent until the age of 12-months in Davis and Sandman's (2010) study. Clearly, further research is warranted to determine the reliability of results reporting fetal programming effects on infant cognition.
The timing and degree of prenatal GCs exposure has important consequences for the development of the human central nervous FIGURE 2 Learning and memory measures for 3-month-old infants. From top: Day 1 relative learning ratio as a function of maternal standardized cortisol reactivity at 20 weeks gestational age; Day 1 immediate retention ratio as a function of maternal standardized cortisol reactivity at 20 weeks gestational age; Day 2 relative learning ratio as a function of maternal raw T1 cortisol at 35 weeks gestational age system, ultimately affecting infant behavior and HPA functioning in different ways (Davis, Glynn, Waffarn, & Sandman, 2011) . The present study did not assess cortisol influence during the earliest, most sensitive period of brain development (8-16 weeks), during which time neurons form and migrate to the subplate zone and begin the process of making connections to neurons from areas of the brain that are responsible for behavioral regulation (Sidman & Rakic, 1973) . When GC levels are excessive during early fetal development, as research with animal models has demonstrated, high levels of synthetic GC exposure can impair hippocampal development (e.g., Bruschettini, van den Hove, Gazzolo, Steinbusch, & Blanco, 2006; Uno et al., 1994) and cause deficits in spatial learning and memory performance (Brabham et al., 2000) . And yet, more moderate increases in fetal GCs are associated with higher levels of performance on learning and memory tasks (e.g., Catalini et al., 2002) . Given that excessive levels of GC exposure can have effects on brain development that are qualitatively different from more moderate increases, it is best to compare the present study's findings to research paradigms involving either moderate doses of synthetic hormones or normally varying endogenous levels. Thus, the present findings are consistent with those of Catalini et al. (2002) , and with Davis and Sandman (2010) .
A host of physiological mechanisms in infant neurological development are affected by cortisol (e.g., myelination, cell survival, axon and dendritic remodeling, synapse formation), and many areas of the brain involved in executive functioning, attention, memory, emotion regulation, and the fear response (e.g., the prefrontal cortex, anterior cingulate, hippocampus, and amygdala) have GC receptors (cf., Lupien, McEwen, Gunnar, & Heim, 2009 ). All of these mechanisms and brain areas, or just a subset of them, could have benefitted from moderately higher levels of maternal prenatal cortisol and a reduced cortisol response during fetal development.
However, our combined results suggest that the brain areas affected most by prenatal cortisol do not function during the exchange of information between the hippocampus and the neocortex, a process referred to as long-term memory consolidation (Remondes & Schuman, 2004) . Rather, since only learning and immediate retention measures were improved, areas of the brain that function more during attention and short-term maintenance and retention of information processes, such as the amygdala and anterior cingulate, may be the more likely regions to target in future investigations into the neurodevelopmental origins of our findings.
Indeed, there is rapid development in infant visual orienting and contingency learning capacities during the 2-4 month age range that involves maturation of neural circuits supporting both oculomotor control and covert attention mechanisms (Johnson, Posner, & Rothbart, 1991) . It seems plausible that an infant's experienced prenatal environment will exert less direct control over physiological development as that infant ages and as functions become increasingly independent from maternal physiology. Findings such as these about oculomotor and attentional development could prove relevant to our future understanding of why there were links between prenatal maternal cortisol and 3-month-old, but not 5-month-old, infants in the present study.
Previous research has shown that higher levels of pregnancyspecific anxiety are related to lower BSID-II scores, but that maternal prenatal cortisol and maternal subjective stress are unrelated . While the design of the present study precluded an investigation into the effects of maternal prenatal psychosocial factors on infant learning and memory measures, analyses were conducted to explore associations between maternal psychosocial characteristics and maternal prenatal cortisol. In line with several other studies, the present results failed to show a significant relation between maternal prenatal cortisol and subjective measures of maternal depression, anxiety, and stress de Weerth & Buitelaar, 2005; McCool & Susman, 1994; Petraglia et al., 2001 ).
Beijers, Buitelaar, and de Weerth (2014) question the validity of the self-report measures to help explain the lack of these associations.
From an alternative perspective, as Davis and Sandman (2010) argue, gestational psychological stress and gestational cortisol exert independent influences on mental development. In this context, investigators should pursue an understanding of these independent avenues of programming effects on infant mental development. Our results shed some light on psychosocial factors that impact maternal consider these findings preliminary, it is hoped that future research will uncover plausible mechanisms to explain how moderately varying levels of endogenous prenatal cortisol are impacted by these types of psychosocial characteristics of the mother, and how cortisol in turn impacts fetal neurodevelopment.
One important caveat should be made. According to Van den Bergh, Mulder, Mennes, and Glover (2005) , psychological stress during the earlier months of pregnancy appears to have the most influence, possibly due to early developmental effects on neuronal structures.
However, while maternal neuroendocrine measures were shown in our study to impact infant mental development, it would be misleading to conclude that the variability in maternal cortisol measures was caused by stress. A similar point was made by Gunnar (2015) in her commentary on our longitudinal study of infant cortisol response during learning events (Thompson et al., 2015) . In the present study, average cortisol levels decreased in women between T1 and T2 for both lab sessions during pregnancy, which can be interpreted to indicate down-regulation of the HPA axis after settling into the laboratory to partake in relatively benign procedures. While a decline can be interpreted as a phase of the HPA stress response, it may also be causally unrelated, owing more to natural fluctuations in circadian or ultradian rhythms. Moreover, Davis and Sandman (2010) reported average cortisol results during mid-pregnancy comparable to ours, however, they reported an average of 0.61 μg/dl at 37 gestational weeks, compared to our 35-gestational week sample which averaged 0.34 μg/dl. Individual differences in basal levels of cortisol and cortisol response are to be expected (Kudielka, Hellhammer, & Wűst, 2009 ).
Thus, we conclude that moderately higher levels of prenatal maternal cortisol and a flatter increasing cortisol response slope are significantly associated with better performance on some measures of learning and short-term retention of perceptual-motor contingencies in young infants; however, these variations on cortisol measures were likely not primarily caused by stress. Instead, factors such as a woman's level of education, her age, and her own mother's willingness to help care for her infant after birth may impact her HPA functioning under normal, everyday circumstances in ways we are not yet aware. In turn, this general neuroendocrine pattern positively impacts her infant's ability to learn and remember perceptual-motor contingencies.
| Limitations
In addition to the caveats mentioned above, conclusions regarding fetal programming effects of cortisol on infant learning and memory are limited by a relatively small sample size. Glynn et al. (2007) noted that both socioeconomic status and the breastfeeding status of infants' mothers should be considered in the study of these phenomena. The authors reported that women who were breastfeeding were more likely to be non-Hispanic white, married, older, more educated, with higher incomes, and were therefore potentially less prone to confounding factors that contribute to both distress and developmental difficulty. In support, research from our laboratory found breastfeeding to be associated with 6-and 10-month-old infants' better cognitive performance (Thompson, Morgan, Stauble, & Unger, 2016 ). In addition, Davis et al. (2007) described both potential benefits and drawbacks to utilizing experimental manipulations of maternal cortisol versus observational studies of naturally occurring cortisol fluctuations. Finally, some studies have presented the possible confound of shared genetic makeup between mother and infant (Davis et al., 2011; O'Donnell et al., 2009) , and they suggested that future research should take this factor into consideration.
